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Summary
Plant organsareproduced frommeristems in acharacteristic
pattern. This pattern, referred to as phyllotaxis, is thought to
be generated by local gradients of an information molecule,
auxin [1–6]. Some studies propose a key role for themechan-
ical properties of the cell walls in the control of organ out-
growth [7–12]. A major cell-wall component is the linear
a-1-4-linked D-GalAp pectic polysaccharide homogalactur-
onan (HG), which plays a key role in cell-to-cell cohesion
[13, 14]. HG is deposited in the cell wall in a highly
(70%–80%) methyl-esterified form and is subsequently
de-methyl-esterified by pectin methyl-esterases (PME, EC
3.1.1.11). PME activity is itself regulated by endogenous
PME inhibitor (PMEI) proteins [15]. PME action modulates
cell-wall-matrix properties and plays a role in the control of
cell growth [16–18]. Here, we show that the formation of
flower primordia in the Arabidopsis shoot apical meristem
is accompanied by the de-methyl-esterification of pectic
polysaccharides in the cell walls. In addition, experimental
perturbation of the methyl-esterification status of pectins
within the meristem dramatically alters the phyllotactic pat-
tern. These results demonstrate that regulated de-methyl-
esterification of pectins is a key event in the outgrowth of pri-
mordia and possibly also in phyllotactic patterning.
Results
To analyze the methyl-esterification status of HG at successive
stages of primordia formation in Arabidopsis inflorescence
meristems, we first used the monoclonal antibody 2F4, which
specifically labels de-methyl-esterified and not methyl-esteri-
fied HG [19]. Successive transverse sections through inflores-
cence meristems were labeled with 2F4 (Figure 1). As de-
scribed previously for Sinapis alba apical meristems [19], the
center of the meristem dome of wild-type plants remained un-
labeled (Figure 1A), whereas chemically de-esterified control
*Correspondence: alexis.peaucelle@versailles.inra.fr (A.P.), gregory.
mouille@versailles.inra.fr (G.M.)slides showed strong labeling (Figure S1 available online).
This indicates that in this zone, cell walls contained pectins
that were primarily methyl-esterified. In contrast, 2F4 labeling
was observed in the walls of young (stage p1 to p3) and incip-
ient primordia (I1 and very weakly in I2) (Figure 1A), suggesting
that HG was selectively de-methyl-esterified during primordia
formation before their outgrowth. This cell-wall modification is
among the first events in primordia differentiation. We next an-
alyzed the functional significance of the reduced pectin
methyl-esterification status for primordia formation. The en-
zyme responsible for the de-methyl-esterification of HG
in vivo is PME. A large gene family encoding PMEs exists in
Arabidopsis (66 members) [20], some members of which are
expressed in the apical-meristem dome (data not shown). So
far, knockout mutants in three meristem-expressed PMEs
(At3g05620, At3g27980, and At5g47500) did not show a visible
phenotype (data not shown). This may be the result of func-
tional redundancy within the PME family. We therefore adop-
ted an alternative method based on the use of a PMEI to inhibit
PME activity. Arabidopsis encodes 69 putative PMEIs (J.P.,
unpublished data), at least one of which (At5g20740, hencefor-
ward referred to as PMEI3) is expressed in the apical meristem
(data not shown). We analyzed ten independent Arabidopsis
lines transgenic for an alcohol-inducible PMEI3 construct.
Upon alcohol induction, two lines (PMEI.H1 and H2) showed
high PMEI3 expression (respectively 9- and 3.5-fold higher
than wild-type) and one line (PMEI.M) showed intermediate ex-
pression (1.3-fold higher than wild-type), whereas seven lines
showed noPMEI3 upregulation (Figure S2). To verify the in vivo
activity of PMEI3, we used 2F4 to label sections through mer-
istems of PMEI.H1. Eighteen hours after ethanol induction, 2F4
labeling was significantly reduced throughout the meristem
dome (in all of ten T2 plants investigated, Figure 1B), com-
pared to control plants (Figure 1A), whereas the labeling of
older primordia remained unaffected. This shows that overex-
pression of PMEI3 leads to hyper-methyl-esterification of HG
and strongly suggests that PMEI3, as expected, inhibits PME
activity in vivo. Next, we investigated the meristem phenotype
of the ten independent transformants grown for 6 days in the
continuous presence of alcohol. In PMEI.H1 and H2, the for-
mation of lateral organs was suppressed in the inflorescence
meristem as shown by the naked PIN-like meristem
(Figure 2B) [21]. In addition, the floral meristem that had
been initiated just before the ethanol induction produced ab-
normal flowers lacking lateral organs (sepals, petals, and sta-
mens) indicating that the formation of both floral and flower-
organ primordia was inhibited (Figure 2E). In PMEI.M, newly
formed primordia were cylindrical (Figure 2D) and did not de-
velop further into flowers. Cylindrical primordia were also ob-
served in PMEI.H1 and H2 in the presence of suboptimal
concentrations of alcohol (data not shown). The meristem phe-
notype was fully reversible in all transformants as shown by the
reappearance of lateral organs after removal of the alcohol
(Figure S3), indicating that the meristem remained fully func-
tional. Intriguingly, during the reversion, newly formed primor-
dia showed abnormal phyllotaxis and were frequently dramat-
ically enlarged (Figure 2E). As expected, the remaining seven
lines in which PMEI3 was not induced did not show
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1944Figure 1. Pectins Are De-methyl-esterified during Primordia Formation
Immunolabeling of de-methyl-esterified homogalacturonan with monoclonal antibody 2F4 on four successive cross sections from the top to the base (from
left to right) of a single representative wild-type (A), transgenic Arabidopsis lines transformed with an alcohol-inducible PMEI3 construct (B), or PME5 con-
struct (C) inflorescence meristem. Each image has been acquired with confocal laser microscopy and corresponds to one optical section in the middle of
a 7-mm-thick cross section. As shown in (A), in the wild-type inflorescence 2F4 labels cell walls (white staining) within growing primordia (p1, p2, and p3) and
at the position of the incipient primordia (I1) and very weakly in the incipient primordia I2 but not in the central zone of the meristem (m). In differentiated
tissues, de-methyl-esterified pectin epitopes are also visible (indicated by arrowheads). Similar results were obtained with 14 other meristems in four in-
dependent labeling experiments (data not shown). As shown in (B), in transgenic Arabidopsis PMEI.H1 lines transformed with the 35S::ALCR ALCA::PMEI3
construct; 18 hr after induction, a strong reduction of the 2F4 labeling could be observed in the old primordias (p2, p3, p4, and p5). No epitopes could be
found in the young primordia (p1) and the incipient primordia (I1 and I2). In differentiated tissues, de-methyl-esterified pectin epitopes are visible, as in the
wild-type (indicated by arrowheads). Similar results were obtained with 13 other meristems in four independent experiments (data not shown). As shown in
(C), 18 hr after induction, the plants transformed with the 35S::ALCR ALCA::PME5 construct present a strong increase in the 2F4 epitopes present. De-
methyl-esterified pectin epitopes are present not only in primordia and incipient primordia (p1, p2, p3, I1, and I2) but also in the meristem (m). In differentiated
tissues, de-methyl-esterified pectin epitopes are also visible (indicated by arrowheads). Similar results were obtained with 12 other meristems in three in-
dependent labeling experiments (data not shown). The scale bar represents 100 mm.a phenotype (data not shown). The stem length measured 4
weeks after induction on F2 plants was comparable in induced
and noninduced plants (respectively 19.5 6 3.5 cm and 20 6
3.6 cm), indicating that only lateral organ formation and not
stem elongation was affected by PMEI overexpression. To-
gether, these experiments show that de-methyl-esterification
of HG not only accompanies but is also required for primordia
formation in the inflorescence meristem.
We next investigated whether enhanced de-methyl-esterifi-
cation of HG could lead to ectopic primordia formation. For
this purpose, we first positioned individual sepharose beads
loaded with citrus PME onto the inflorescence meristem
(Figure 3A). Interestingly, 18 hr later, ectopic bulges had
formed at the position of the beads (Figure 3B) in nine of theten meristems analyzed (one meristem was wounded during
bead application) and not in the control experiment (ten meri-
stems treated with denatured PME). The ectopic bulges further
developed into normal floral meristems and formed fully grown
flowers (Figure 3C). As shown in Figures 3A–3G, bulges did not
necessarily form at the position of the future primordia, sug-
gesting that pectin de-methyl-esterification can trigger de
novo formation of primordia rather than merely accelerating
the outgrowth of primordia along a pre-existing pattern. Be-
cause the application of individual beads onto a defined spot
on the very small Arabidopsis apical meristem turned out to
be very delicate and laborious, the experiment was simplified
so that more quantitative data could be obtained. Several
beads were applied on top of the meristem of a line carrying
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cation in the Meristem Prevents Primordia For-
mation
Phenotype upon transient ethanol-induced over-
expression of putative PME inhibitor PMEI3 in the
line PMEI.H1 (B, D, and E) compared to the wild-
type (A and C). Organ formation is suppressed af-
ter 6 days in the presence of ethanol and a PIN-like
meristem is visible (B). Primordia initiated just be-
fore the ethanol induction develop into abnormal
flowers with a carpeloı¨d structure at the center
but lacking lateral organs (sepals, petals, and sta-
mens) ([E], indicated by arrowheads). Low-level in-
duction ofPMEI3 in line PMEI.M causes the forma-
tion of cylindrical primordia ([D], indicated by an
arrowhead) thinner than wild-type primordia at
the same developmental stage ([C], indicated by
an arrowhead). One day after ethanol removal in
PMEI.H1, dramatically enlarged primordia have
appeared at ectopic positions ([E], marked by an
asterisk). Scale bars represent 100 mm.a pLFY::GUS primordia marker (Figures 3D–3G). Two days
later, we measured the angle between the successive, GUS-
stained primordia. Abnormal phyllotaxis (at least one divergent
angle higher than 182 or lower than 92) was observed in 17
out of 19 apices treated with active PME (Figures 3D and 3E)
and only in one out of ten control meristems treated with
heat-denaturated PME (Figures 3F and 3G). In addition, in
PME-treated plants, 44% of the primordia were formed in an
abnormal position (Figure 3E) compared to less than 2% in
the control experiment (Figure 3G). Several primordia at the
same developmental stage were frequently observed in
PME-treated plants, indicating that the plastochrone (timing
of primordia formation) was affected (Figure 3D). All the pri-
mordia developed normally and formed fertile flowers, indicat-
ing that the whole lateral organ developmental program was
activated by the PME application. To rule out that the abnormal
phyllotaxis was the result of a change in meristem size, we
compared the meristem diameter of PME-treated and control
plants, which did not differ significantly (respectively 59 6
6.9 mm and 586 7.5 mm). Together, these results show that ap-
plication of PME onto the meristem is sufficient to induce the
formation of ectopic primordia, without altering the global
meristem organization. Interestingly, although PME-loaded
beads were deposited onto the whole meristem, formation of
the ectopic primordia remained restricted to the periphery of
the meristem, suggesting that additional factors prevent
primordia formation in the central dome. To confirm the role
of pectin de-methyl-esterification in primordia formation, we
studied the phyllotaxis upon ectopic expression of an Arabi-
dopsis gene (At5g47500) encoding a putative PME (hereafter
referred to as PME5), which in the wild-type is expressed in
meristem primordia (data not shown). We first used the alco-
hol-inducible system combined with the 35S promoter. After
ethanol induction, the 35S::ALCR ALCA::PME5 line showed in-
creased 2F4 labeling in the meristem (Figure 1C) and a strongly
perturbed phyllotactic pattern (Figures 3H and 3I). In fact, 49%
of the primordia were formed in an abnormal position
(Figure 3I) compared to less than 2% in the control experiment
(Figure 3G). This confirms that PME activity is sufficient to
induce the initiation of ectopic primordia. This was further
confirmed by use of a construct expressing PME5 from an al-
cohol-inducible version of the UFO promoter (UFO::ALCR
ALCA::PME5). This construct specifically expresses PME5 in
the peripheral region of the meristem after ethanol induction(data not shown). Again, important modifications of the phyllo-
tactic pattern were observed in inflorescences of six out of
seven independent transgenic lines after 3 weeks of growth
in the presence of ethanol (Figures 3J and 3K). No such
changes were observed in ethanol-induced control lines.
Together, the results of this study show that pectin de-
methyl-esterification occurs during primordia formation and
is necessary and sufficient to trigger the initiation of organs
in inflorescence meristems.
Discussion
Two alternative models have been proposed to explain the
regular pattern of morphogenesis at the shoot apex, and
each model emphasize either the involvement of mechanical
forces or gradients of an information molecule, auxin. Current
models predict the position of organ primordia based on auxin
gradients, which in turn are generated by the auxin-dependent
polarized localization of auxin efflux carriers within the meri-
stem epidermis [1–6]. At the same time, other studies have
shown that experimental manipulation of the mechanical prop-
erties of the walls of subsets of meristematic cells, through lo-
cal expression of the cell-wall-lubricating protein expansin,
can promote the formation of normal organs at abnormal posi-
tions in the meristem. This indicates that the entire sequence
of events leading to leaf formation can be triggered by a local
increase in cell-wall extensibility [7, 8]. Closer inspection, how-
ever, shows that the latter results are not necessarily in contra-
diction with the auxin-patterning models. Indeed, the ectopic
organs always formed at the position of a future organ initium,
which according to the models is determined by the position of
the local auxin maximum. In other words, the changes in cell-
wall mechanics affected the outgrowth of the organ primor-
dium but not its positioning. In this study, we showed that
selective pectin de-methyl-esterification is required and suffi-
cient for primordia outgrowth at the meristem periphery. We
thus confirm that cell-wall changes can trigger organ out-
growth, and we also show that these cell-wall changes actually
occur during normal primordia formation. In addition, PME
treatment, in contrast to ectopic expansin application, ap-
peared to overrule the predetermined pattern of initia. This is
suggested by the simultaneous appearance of more than
one primordium on the same side of the meristem and the
highly variable divergence angles observed upon PME
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(PME5, Figure 3).
In summary, this study shows that the modification of cell-
wall polymers not only is required and sufficient for primordia
formation but also appears to influence the patterning process
within the meristem. This raises new questions that may orient
future research. First, what is the mechanism by which HG
de-methyl-esterification causes primordia initiation? Pectin
de-methyl-esterification has been implicated previously in
the control of cell elongation in the pollen tube [22, 23] and
the hypocotyl [24]. In both cases, increased de-methyl-
Figure 3. Ectopic Organs Induced by Pectin Methyl-
Esterase
(A–C) Ectopic bulges form on the meristem 18 hr after
positioning of beads (red false color) loaded with citrus
PME. The same inflorescence meristem is shown immedi-
ately after application of the beads (A), 18 hr later (B), and
18 days later (C). Two ectopic bulges have formed next to
the beads ([B], indicated by arrowheads e1 and e2), which
further develop into normal flowers ([C], blue false color). In
between the two flowers, the p1 primordium also has devel-
oped into a normal flower ([C], green false color). Primordium
number p3 did not further develop as it was wounded during
the observation 18 hr after application ([C], yellow false
color). The position of the beads was slightly shifted during
the removal of primordium p6, which used to cover p1.
(D–I) Ectopic PME activity alters phyllotaxis. Abnormal posi-
tion and timing of primordia was observed 2 days after depo-
sition on the meristem of beads loaded with active PME
(D and E). This was not the case when using beads loaded
with denatured PME (F and G). Primordia express the re-
porter gene GUS from the primordia-specific promoter LFY
and are stained in blue (D and F). The 12 classes of 30 diver-
gence angles between two successive primordia show
a broad distribution in meristems treated with active PME
(E) compared to the normal narrow distribution centered on
137.5 when denatured PME was used (G). The total number
of angles measured (n), averages (av), and standard devia-
tions are shown.
(H and I) Phyllotaxis is perturbed upon ethanol-induced
expression of PME in the meristem. Similar results were
obtained with ten meristems in two independent beads ap-
plication experiments. (H) shows a SEM picture of a meristem
containing 35S::ALCR ALCA::PME5 construct, 24 hr after
ethanol induction. (I) shows distribution of the divergence
angles.
(J and K) Phyllotaxis is perturbed upon alcohol induced ex-
pression of ArabidopsisPME5 (At5g47500) under the control
of the meristem-specific UFO promoter. In (H), abnormal
phyllotaxis was observed upon ectopic PME5 expression
(right) and not in control plants (left). Scale bars represent
100 mm. In (I), phyllotaxis scores calculated for control plants
and eight independent transformants are shown. Error bars
correspond to standard deviation.
esterification was correlated with reduced
growth, which is the opposite of what was shown
in this study. One possibility is that, depending on
the context, de-methyl-esterification can induce
opposing changes in the visco-elastic properties
of the cell-wall composite. De-methyl-esterifica-
tion of pectins uncovers carboxyl groups that
can crosslink through calcium bridges and thus
rigidify the cell wall. In the absence of calcium,
however, de-methyl-esterification is expected to
render pectins, and perhaps the cell-wall com-
posite, more fluid. In this context, it will be
interesting to quantify extracellular calcium in the meristem.
De-methyl-esterification also renders HG susceptible to deg-
radation by polygalacturonases, and such degradation in
turn may increase the pore size of the cell wall and the acces-
sibility of growth-promoting hydrolytic enzymes and expan-
sins to wall polymers (discussed in [25]). Alternatively, the
attack of de-methyl-esterified HG by endogenous polygalac-
turonases may generate oligo-galacturonides (OGA). Although
certain OGA have biological activity [26], preliminary experi-
ments failed to reveal an effect of OGA on primordia outgrowth
[7]. Second, what is the relation between auxin patterning and
Pectin Methyl-Esterification and Phyllotaxis
1947PME activity? In this context it will be interesting to investigate
whether PME activity is regulated by auxin and to what extent
PME-induced cell-wall changes affect auxin fluxes within the
meristem.
Experimental Procedures
Plant Material and Growth Conditions
The R1 R2 recombination cassette (Gateway technology, Invitrogen) was in-
troduced between the pAlcA ethanol inducible promoter and the 35S termi-
nator of pL4 plasmid. The pAlcA-R1-R2-t35S cassette was recovered after
a HindIII digestion and ligated into the binary vector pEC2 that contains
a basta resistance cassette for plant-transformation selection. The PME-5
and PMEI-3 cDNAs were then introduced in this vector.
T1 transformed plants were obtained as described in Deveaux et al. [27]
its progeny is referred as T2. The UFO::ALCR alcA::GUS and 35S::ALCR
alcA::GFP 23 lines have been described previously. Plant growth in con-
trolled chambers was conducted according to Laufs et al. [28] and ethanol
induction according to Deveaux et al. [27].
Meristematic-Phyllotaxis Measurements
Meristematic-phyllotaxis measurements as well as digital pictures were ac-
quired as described in Peaucelle et al. [29].
Immunolabeling of Unesterified Homogalacturonans
Sample preparation, sectioning, immunolabelling and imaging was per-
formed as described by de Reuille et al. and Liners et al. [4, 30]. Since the
2F4 monoclonal antibodies only recognize Ca2+ cross-linked de-methyl-
esterified pectins, all immuno-labelings were carried out using a buffer
containing 0.5 M CaCl2 in the presence of milk as described by Liners
et al. [4, 30].
Pectin Methyl-Esterase Treatment
Beads (sephacrylHR S300 Pharmacia) were loaded with pectin methyl-
esterase (PME) (Pectinesterase, from Orange peel P5400-1KU 065K7435
Sigma-Aldrich) by incubation overnight at 4C in 1 M Phosphate buffer at
pH 7 containing 1 U/100 ml PME. Denatured PME was obtained by heating
at 100C for 20 min and overnight heating at 70C. A small number of beads
(one to five) were picked up with forceps. This step drained the beads
through capillarity on the forceps. One to twenty beads were positioned
on nondissected apices. Meristems were covered with a 1.5 ml microfuge
tube so that desiccation was prevented.
Supplemental Data
Supplemental Data include three figures and can be found with
this article online at http://www.current-biology.com/supplemental/S0960-
9822(08)01534-0.
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